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We show that the universality of the infrared dynamics of string modes dual to qq states within 
a Dynamical AdS/QCD model of coupled dilaton-gravity background implies in the Regge-like 
spectrum of /o's scalars and higher spin mesons consistent with experimental data. The pion mass 
and its trajectory were also described with a scale deformation of the metric and a rescaled string 
mass. The available experimental decay widths of the S — > PP decays provided a complementary 
check of the proposed classification scheme for /o(980), /o(1370), /o(1500) and /o(1710) as radial 
excitations of /o(600). For /o(980) we estimated a mixing angle of ±20° with other structures. 
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PACS numbers: 11.25.Tq, 11.25.Wx,14.40.-n,12.40.Yx 



The light scalar mesons are still challenging our imagi- 
nation and models for quark spectroscopy [l|]. Nowadays, 
tetraquarks configurations ^ are considered dominant for 
the structure of /o(600) and /o(980) scalar resonances 
0. Alternatively, we find that these states can still be 
interpreted as qq states in the framework of a Dynamical 
AdS/QCD model [|. The model consists in the solution 
of five-dimensional gravity coupled to a dilaton, where 
the metric comes from a deformed anti-de Sitter space 
in order to have confinement by the area law behavior of 
the Wilson loop[l]. 

Besides the masses of the /o's, the ratio between tttt de- 
cay widths (F^tt) of these mesons are consistent with this 
assignment. An overall normalization constant for the ef- 
fective operator that gives the two-pion decay amplitude 
is introduced and no other free parameter is used in the 
present calculation beyond those implicit contained in the 
description of the scalar and pion Regge trajectories. We 
made the assumption that the holographic coordinate in 
metric of the Dynamical AdS/QCD model for high spin 
mesons (3] can be rescaled in order to provide the the 
effective potential for the string modes dual to the scalar 
nd pseudoscalar mesons. The masses of the /o scalars 
are then obtained by a single rescale of the holographic 
coordinate in the metric form. We also describe the light 
pseudoscalar states. The scale of the holographic coordi- 
nate is contracted for the pseudoscalars in respect to the 
scalar case and a rescaled string mass is also introduced 
to allow a description of the pion mass. 

The outcome from our work is that /o(980), /o(1370), 
/o(1710), /o(2020), /o(2100), /o(2200) and /o(2330) are 
excited states of /o(600), and they belong to a Regge 
trajectory with a slope of about 0.5 GeV^ half of the 
corresponding one for the p-meson trajectory. 

Additionally to support our interpretation of the na- 
ture of the light /o's scalars, we obtain the wave functions 
of the string modes dual to the scalar meson states and 
using the pion string amplitude we calculate the decay 
width of the scalars into two pions. The experimental 
observation of the systematic decrease found for F^^r for 
higher excitations is easily understood within the holo- 
graphic view: the overlap of the radial excitations and 



the two pion state amplitudes, are enhanced or depleted 
depending on the number of nodes, and from that the de- 
creasing pattern for the S — s- PP decay width appears. 

The two-pion partial decay width for /o(600), /o(1370), 
/o(1500) and /o(1710), for which experimental informa- 
tion on the two-pion decay width exists are qualitatively 
consistent with the model results, using one normaliza- 
tion parameter. In particular for /o(600) a width of about 
500 MeV is found. The experimental value of F^^r for 
/o(1500), known experimentally with a few % error, is 
used for normalization of the effective action for the de- 
cay amplitude in our holographic model. 

Although /o(980) has a mass identified with the first 
excitation of the string mode dual to qq state, it has a 
too large F^^ compared to the range of the experimental 
values. It is known that /o(980) should mix strongly with 
other structures such as ss states (see e.g. 0). Indeed we 
got a mixing angle of about ±20° [l| to be consistent with 
the experimental data for the partial decay width. (We 
do not determine the sign of the mixing angle.) Below 
we briefly discuss the basis of present holographic model 
and substantiate quantitatively our claims. 

The search for string dual models of Gauge theories 
was pursued since the pioneer work by t' Hooft Q and 
vigourously developed after the Maldacena's Conjecture 
Applications of AdS/CFT to describe QCD began 
with the Hard Wall model [sl that provides a good de- 
scription of form factors at high but does not give the 
linear Regge trajectory presented by the mesonic data. 
This phenomenological result can be obtained by a spin 
dependence in the metric fl3| or by introducing a dila- 
ton field In particular, scalar mesons were analyzed 
in ([l3| and [S])- However, both works do not include 
the sigma meson in their studies. Those models are not 
solutions of Einstein equations and also do not confine 
by the Wilson Loop criteria. We proposed a Dynami- 
cal AdS/QCD model [1] that is a solution of the Ein- 
stein equations, confines by the Wilson loop criteria and 
describe the scalar sector. We start from the Einstein- 
Hilbert action of five-dimensional gravity coupled to a 
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where k is the five-dimensional Newton constant, the 
dilaton field <1> (z) depends on the radial coordinate only 
and V{^) is the potential for the dilaton field. We 
restrict our metric to gMN = g^'^^^^^'Hmn with rj = 
diag(l, -1,-1, -1,-1) 

The static solutions of the Einstein-dilaton coupled 
field equations in the fifth dimension found in 4] 
are given by $' = V3\/A'^ + A" and V{^{z)) = 

The boundary condition on the physical brane restricts 
the geometry to asymptotically AdSs (AAdSs) space- 
times and thus ensures conformality in the ultraviolet 
(UV). The infrared (IR) behavior is chosen to obtain 
Regge-trajectories consistent with the Wilson-loop area- 
law for the gravity dual of a confining theory. The con- 
formal invariance is broken in the IR by Aqcd- 

To calculate the spectrum of scalar mesons ip we start 
from the action 



d'^xdzy^l g'^'^dfj^ifix, z)d^(p{x, z) 
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that describes a scalar mode propagating in the dilaton- 
gravity background. We factorizc the holographic coor- 
dinate dependence as ip{x,z) = e*^''^^(y9(2;), P^P^ = m? . 

The string modes of the massive scalar field can be 
rewritten in terms of reduced amplitudes ^„ = (/3„ x 
g-(3/i+*)/2 satisfy the Sturm-Liouville equation 



[-dl + v{z)\ ^„ 

where the string-mode potential is 



V{z) = 



B'^{z) B"{z) 



(3) 



(4) 



with B = 3A + $. (Note that B = {2S - I) A + $ for the 
spin nonzero states tJJJ.) The gauge/gravity dictionary 
identifies the eigenvalues ^ with the squared meson 
mass spectrum of the boundary gauge theory. 

The AdS/CFT correspondence states that the wave 
function should behave as z'^, where r = A — cr (con- 
formal dimension minus spin) is the twist dimension for 
the corresponding interpolating operator that creates the 
given state configuration [9,]. The five-dimensional mass 



chosen as []J| M| = t(t - 4) , fixes the UV limit of the 



dual string amplitude with the twist dimension. 

In in the context of higher spins mcsonic states 
we showed that the leading infrared contribution for the 
metric as 



A{z) = LogizAqcD)- 



1 + V3 



(zA 



QCDj 



25 + V3-ll + e(i-^AQCD) 



(5) 




FIG. 1: Regge trajectory for /o (left panel) and pion (right 
panel) from the Dynamical AdS/QCD model with Aqcd = 
0.3 GeV (dashed line). Experimental data from 
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which leads to a satisfactory description of the meson 
mass spectrum with nearly universal Regge slopes, just 
using the natural scale of Aqcd, without any further 
tuning of parameters. (The spin dependent factor in Eq. 
(|5|) is required by universality of effective IR potential 
(l6|)). A good analytical approximation to the spectrum 
calculated with Aqcd = 0.3 GeV for 5 > 1 and n > 
(2) is ~ j^{lln + 9S + 2), that provides an overall fit to 



the radial and higher-spin excitations 

In this letter we propose a generalization of the Dy- 
namical AdS/QCD model for scalar mesons based on the 
universality of the form of the effective potential in the 
IR limit. The idea is to make a scale transformation in 
the holographic distance tailored to fit the slope of the 
scalar Regge trajectory. We assume the same universal 
form of the metric as given by 



A{z) = LogizAqco) + 



(CzAqcd) 



1 + e(i-5^'^«cD) 



(7) 



with = 0.58 from the fit (see figure 1). The slope of 
the Regge trajectory is decreased for the lower scalar ex- 
citations (see figure 1) in respect to S' = 1 as ^ < 1 and 
also the ground state /o(600) is large in the holographic 
coordinate compared to other light mesons. Therefore, 
/o(600) comes as a broad resonance in pionic channels 
owing to a large overlap between the corresponding am- 
plitudes. More on that will come on what follows (see 
figure 2 and Table I). 

Solving the Sturm-Liouville equation ([3]) we obtain the 
spectrum and the wave functions of the scalar mesons 
states. We used the lowest conformal dimension opera- 
tor of a scalar, twist 2 [l^. The trajectories found were 
in agreement of experimental data of /o family as shown 
in figure 1. In this picture the sigma meson is the fun- 
damental state and the other /o's are radial excitation of 
the sigma. We have included in the plot all /o's present in 
the Particle Listing of PDG 1]. That agreement may be 
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FIG. 2: Normalized wave functions for fo mesons (thick solid 
Une) and pion (solid line) from the Dynamical AdS/QCD 
model with Aqcd = 0.3 GeV. 



fortuitous and to support our interpretation we test the 
physics brought by the structure of these mesons mea- 
sured by the S PP partial width, that reflects the 
overlap between the dual string amplitudes of the corre- 
sponding mesons. Therefore, the model should include a 
description of the string dual to the pion state. 

The first striking point is the almost vanishing pion 
mass, and the slope of about 1 GeV^ for its Regge tra- 
jectory, with a value twice of the one found for the scalars. 
This indicates that the scaling factor of the holographic 
coordinate for the pseudoscalars should be changed in 
respect to the fo family. This is not a surprise as the 
pion is a Goldstone boson. To distinguish the pion states 
in our model, the fifth dimensional mass was rescaled ac- 
cording to M| -+ M^ + Xz'^ (see [101] and ^) and as weU 
the factor ^ in the metric, Eq. ([7]). The constraints are 
the pion mass, the slope of the Regge trajectory and the 
twist 2 from the operator qj^q. The results for the pion 
Regge trajectory are shown in figure 1 for ^ =0.88 and 
A = -2.19GeV2. The rescale of the string mass can be 
an indication of the coupling with the higher twist oper- 
ators, that in a couple channel model decreases the mass 
of the ground state. The size of the pion wave function 
is considerably smaller that the size of sigma as shown 
in figure 2 which reflects the larger slope for the pseu- 
doscalar Regge trajectory in comparision to the scalar 
one. 

The /o's partial decay width into tttt are calculated 
from the overlap integral of the normalized string ampli- 
tudes (Sturm-Liouville form) in the holographic coordi- 
nate dual to the scalars (ipn) and pion {iJjtt) states, 



dz 'ipl{z)i>niz) 



(8) 



width. The overlap integral is the dual representation 
of the transition amplitude S PP and therefore the 
decay width is given by r;f^ = -^l/inP^ , where is 
the pion momentum in the meson rest frame. The Sturm- 
Liouville amplitudes of the scalar (pseudoscalar) modes 
are normalized just as a bound state wave function in 
quantum mechanics 1^, 17 1 , which also corresponds to a 
normalization of the string amplitude 



dz'lprniz)'lpniz) 



gives = ilStlt ± MeV and = 324+^^ ± 21 
MeV [3, and the CLEO collaboration [2C 



where fc is a constant with dimension y^mass fitted to the 
experimental value of the /o(1500) vrvr partial decay 



(9) 

The overlap integral for the transition amplitude ([8|) is 
naturally damped by increasing the /o excitation as de- 
structive interference comes into scene within the holo- 
graphic view. A qualitative understanding of that effect 
can be seen in figure 2, by observing that within the range 
of the pion wave function nodes of the higher scalar ex- 
citation takes place. 

The two-pion partial decay width for the /o's present 
in the particle hsting of PDG, are calculated with Eq. ^ 
and shown in Table I. The width of /o(1500) is used as 
normalization. In particular for /o(600) the model gives 
a width of about 500 MeV, while its mass is 860 MeV. 
The range of experimental values quoted in PDG for the 
sigma mass and width are quite large as depicted in Table 
I. A recent analysis of the sigma pole in the tttt scatter- 
ing amplitude from ref.[l^ gives nio- = Ultl^ MeV and 
To- — 5441^25 MeV, which in comparison to our results 
the width seems consistent while the model mass appears 
somewhat larger. The analysis of the E791 experiment 

1-1-42 
-40 

quotes nia = 

513±32 MeV and = 335 ± 67 MeV, both values of 
the width smaller than our result. Other analysis of the 
cr-pole in the tttt — > tttt scattering amplitude present in 
the decay of heavy mesons indicates a mass around 500 
MeV 2l|. A rescaling of the string mass as seen neces- 
sary for the pion case can lower the sigma mass. We just 
observe that coupling with higher twist string duals can 
be a source for the effective decrease of the string mass 
as in the pion case. The width is not strongly affect as 
the shift in the string mass mainly dislocates the squared 
meson mass by a constant. We do not attempt to fine 
tuning the model at this stage. 

The /o(980) is identified with the first excitation of the 
string model dual to qq state (see Table I). The model 
mass is shifted to a value above the experimental one, i.e., 
1.1 GeV compared to 0.98 GeV. The shift of -0.12 GeV 
can be attributed to a rescaling of the string mass as in 
the sigma case. By increasing the excitation of the scalar 
meson this shift tends to decrease (see /o(1500) in Table 
I). The experimental values of F^^ for /o(980) is too small 
compared to our result. We introduced a mixing angle for 
/o(980) of ±20°, that corresponds to a composite nature 
by mixing, e.g., ss with light non-strange quarksQ. The 
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mixing angle absolute value between 12° to 28° fits 
T'^'^ within the experimental range. 

TABLE I: Two-pion decay width and masses for the fo family. 
Experimental values from PDG[3]. (^Mixing angle of 20°. 
'Fitted value.) 



Meson M,,j,(GeV) Mth(GeV) rr/(MeV) VHHMeY) 



/o(600) 0.4 - 1.2 


0.86 


600 - 1000 


535 


/o(980) 0.98 ± 0.01 


1.10 


- 15 - 80 


42''' 


/o(1370) 1.2 - 1.5 


1.32 


~ 41 - 141 


141 


/o(1500) 1.505 ± 0.006 


1.52 


38 ± 3 


38* 


/o(1710) 1.720 ± 0.006 


1.70 


~ - 6 


5 


/o(2020) 1.992 ± 0.016 


1.88 




0.0 


/o(2100) 2.103 ± 0.008 


2.04 




1.2 


/o(2200) 2.189 ± 0.013 


2.19 




2.5 


,fo(2330) 2.29 - 2.35 


2.33 




2.8 



The mass of the higher scalar excitations are consistent 
with the experimental data in Table I and figure 1. The 
two-pion partial decay widths of /o(1370) and /o(1710) 
are compared to the experimental values, and particu- 
larly for /o(1370) we get a result of 141MeV within the 
experimental range, without any further assumption. 

In summary, we provide the basic framework to study 
the /o family given by excitations of the sigma meson 
as the string duals to qq states. The classification, spec- 
troscopy and decay is guided by an Holographic view 
of the scalar string modes obtained from a Dynami- 
cal AdS/QCD model[3| of coupled dilaton-gravity back- 
ground solution of the Einstein equations. The defor- 
mation of the anti-de Sitter metric encodes confinement 
by the area law behavior of the Wilson loop. Assuming 
the universality of the metric, apart a scale deformation, 
for the scalar, pseudoscalar and higher spin string modes 
dual to qq states, the Regge-like spectrum of the radial 
excitations of /o was obtained and the slope about 0.5 
GeV^ fitted to the data. The pion trajectory was also 
described adding a rescaled string mass. The decrease 
of the string mass can also improve the description of 
the lower excitations of the /o family, which can be at- 
tributed to the coupling of qq states to more complex 
configurations. A nice point about the interpretation 
of holographic QCD comes from a recent work of Brod- 
sky and Teramond [l5| . that related the wave equation 
in the Sturm-Liouville form to the squared mass opera- 
tor eigenvalue equation for the valence component of the 
meson light-front wave function. In that respect, the ef- 
fective potential that we have derived incorporates the 
coupling of the valence wave function to all other higher 
Fock-components of the wave function, indicating a pos- 



sible new class of AdS/QCD models with the coupling 
between twist 2 and higher twist modes. The experi- 
mentally known partial decay width into tttt give further 
support to the proposed classification scheme for /o(600), 
/o(980), /o(1370), /o(1500) and /o(1710), while in the 
particular case of /o(980) it should mix with more exotic 
structures as ss with an estimated mixing angle around 
±20°. 
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